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ABSTRACT 


Pitot  pressure  and  total  temperature  measurements  in  the  tunnel  wall 
boundary  layers  in  the  von  Karman  Gas  Dynamics  Facility  50-in.  -diam 
hypersonic  wind  tunnels  are  presented.  The  measurements  were  obtained 
in  the  wind  tunnel  test  sections  at  nominal  free-stream  Mach  numbers  of 
6,  8,  and  10  at  free-stream  unit  Reynolds  numbers  from  0.  32  x  106  to 
3.  91  x  10^  per  foot.  The  boundary  layers  were  fully  turbulent  (velocity 
profile  index  6  to  10),  and  the  total  thickness  ranged  from  4  to  11  in. 
Velocity  and  mass  flow  profiles  were  computed  and  used  to  calculate 
boundary -layer  displacement  and  momentum  thicknesses.  The  experi¬ 
mentally  determined  ratio  of  displacement  thickness  to  momentum  thick¬ 
ness  was  essentially  independent  of  Mach  number  and  Reynolds  number 
over  the  ranges  investigated. 
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NOMENCLATURE 


H 

M 

n 

P 

Pr 

R 

Re 

Rex 


r 

T 

u 

X 

y 

r 

6 

6* 

0 

P 


6*/©,  form  factor 
Mach  number 

Velocity  profile  index,  (u/ue)  =  (y/6)*^n 
Pressure,  psia 
Prandtl  number 

f+ 2 

Gas  constant,  1716.3  - = - 

sec^-°R 

Unit  Reynolds  number  based  on  boundary-layer  edge 
conditions,  ft-l 

Reynolds  number  based  on  boundary-layer  edge  conditions 
and  distance  from  throat  to  survey  station  (e.  g. ,  xo_4  in 
Fig.  2) 

Radius  of  tunnel,  in. 

Temperature,  °R 
Velocity,  ft/ sec 

Tunnel  axial  distances  (see  Fig.  2),  in. 

Distance  from  tunnel  wall,  in. 

Ratio  of  specific  heats 
Boundary-layer  thickness,  in. 

Boundary -layer  displacement  thickness,  in. 

Boundary -layer  momentum  thickness,  in. 

Density,  slugs /ft^ 


SUBSCRIPTS 

e  Boundary -layer  edge  conditions 

o-  Stilling  chamber  conditions 

p  Probe  conditions 

Nozzle  wall  conditions 
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SECTION  I 
INTRODUCTION 


The  designers  of  contoured  wind  tunnel  nozzles  must  be  able  to 
make  accurate  predictions  of  the  nozzle  boundary -layer  growth.  The 
method  generally  used  in  the  design  of  supersonic  and  hypersonic  wind 
tunnel  nozzles  is  to  add  the  estimated  boundary -layer  displacement 
thickness  to  the  inviscid  nozzle  coordinates.  Thus,  the  mass  flow  de¬ 
fect  caused  by  the  viscous  boundary-layer  flow  is  accounted  for.  Noz¬ 
zle  coordinates  for  inviscid  flow  are  generally  calculated  by  the  method 
of  characteristics  (Ref.  1).  Most  hypersonic  wind  tunnel  nozzle  bound¬ 
ary  layers  are  turbulent,  and  calculation  of  the  displacement  thickness 
requires  semi -empirical  methods  (Refs.  2  and  3).  Numerous  studies 
of  boundary  layers  in  supersonic  flow  have  been  reported  (Refs.  4 
through  7);  however,  hypersonic  flow  boundary -layer  studies  (Refs.  8, 

9,  and  10)  are  not  as  numerous. 

The  large  continuous  hypersonic  wind  tunnels  at  the  von  Karman 
Gas  Dynamics  Facility  (VKF),  AEDC,  produce  relatively  thick  (from 
4  to  11  in. )  turbulent  boundary  layers  that  sure  ideal  for  experimental 
study.  Pitot  pressure  and  total  temperature  surveys  of  the  test  section 
boundary  layers  were  made  in  the  50 -in.  -diam  Gas  Dynamic  Wind 
Tunnels,  Hypersonic  (B)  and  (C).  These  surveys  were  obtained  for  nom¬ 
inal  test  section  Mach  numbers  of  6,  8,  and  10  and  free-stream  unit 
Reynolds  numbers  ranging  from  0.  32  x  10®  to  3.  91  x  10®  ffl. 


SECTION  II 
APPARATUS 


2.1  WIND  TUNNELS 

Tunnels  B  and  C  (Fig.  1,  Appendix  I)  are  continuous,  closed- 
circuit,  variable  density  wind  tunnels  with  axisymmetric,  water-cooled 
contoured  nozzles  and  50-in.  -diam  test  sections.  Interchangeable 
throat  sections  permit  operation  of  Tunnel  B  at  nominal  Mach  numbers 
of  6  and  8  and  Tunnel  C  at  nominal  Mach  numbers  of  10  and  12.  Basic 
tunnel  dimensions  relevant  to  the  nozzle  contours  are  presented  in 
Fig.  2. 

The  tests  were  conducted  over  the  following  tunnel  stilling  chamber 
pressure  ranges: 
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Tunnel  Mach  Number  pQ  Range,  psia 


B 

B 

C 


6 

8 

10 


50  to  300 
100  to  800 
200  to  1,  800 


Stilling  chamber  temperatures  up  to'1360°R  were  provided  in  Tunnel  B 
by  a  natural -gas -fired  combustion  heater.  Tunnel  C  stilling  chamber 
temperatures  up  to  1970°R  were  provided  by  an  electric  resistance 
heater  in  conjunction  with  the  gas-fired  heater.  These  stilling  chamber 
temperatures  are  sufficient  to  prevent  liquefaction  of  the  air  as  it  is 
expanded  to  test  section  conditions.  Additional  information  on  the  de¬ 
sign  and  operation  of  Tunnels  B  and  C  is  available  in  Ref.  11. 


2.2  TEST  EQUIPMENT 

The  boundary -layer  probe  location  in  the  wind  tunnels  is  shown  in 
Fig.  2,  and  the  probe  geometry  is  shown  in  Fig.  3.  The  combination 
pitot  pressure  and  total  temperature  probe  was  traversed  in  a  direction 
normal  to  the  tunnel  centerline.  The  slope  of  the  tunnel  wall  relative 
to  the  tunnel  centerline  was  less  than  0.  5  deg  at  the  survey  station,  and 
the  associated  error  in  probe  height  was  neglected.  Also,  as  noted  in 
Fig.  3,  the  total  temperature  probe  was  located  in  the  tunnel  vertical 
plane  of  symmetry,  whereas  the  pitot  probe  was  located  0.8  in.  to  the 
side.  The  error  in  pitot  probe  location  produced  by  assuming  equal  y 
values  for  both  measurements  was  less  than  0.02  in.  and  was  neglected 
because  the  estimated  probe  positioning  precision  is  ±0.05  in. 

Probe  pressure  was  measured  with  a  15-psid  transducer  which, 
from  repeat  calibrations,  is  estimated  to  have  been  precise  within 
±0.003  psia  or  0.  5  percent,  whichever  was  greater.  A  Chromel®- 
Alumel®  thermocouple  was  used  in  the  double -shielded,  vented,  total 
temperature  probe.  Calibrations  of  typical  thermocouples  have  shown 
the  indicated  temperatures  to  be  accurate  within  ±2°R  or  0.  5  percent, 
whichever  is  greater.  Operation  of  the  probe,  however,  indicated  total 
temperatures  as  much  as  10  percent  lower  than  T0  for  probe  readings 
taken  in  the  free -stream  at  the  lowest  tunnel  Reynolds  numbers.  These 
errors  are  attributed  primarily  to  probe  internal  viscous  losses  and 
secondarily  to  conduction  and  radiation  losses  (Ref.  12). 
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SECTION  III 
PROCEDURE 


Boundary -layer  measurements  are  normally  limited  to  pitot  press¬ 
ure  and  total  temperature  surveys.  Several  assumptions  are  required 
to  reduce  these  measurements  to  the  boundary-layer  parameters  6  *  and 
9.  Boundary-layer  pitot  pressures  can  be  converted  to  Mach  numbers 
by  assuming  a  knowledge  of  the  local  static  pressure  and  application  of 
the  Rayleigh  pitot  formula.  The  free -stream  static  pressure  (calculated 
from  the  edge  Mach  number  and  stilling  chamber  pressure)  is  generally 
assumed  constant  across  the  boundary  layer  and  was  the  procedure  used 
herein.  This  assumption  should  be  viewed  in  light  of  the  fact  that  some 
static  pressure  gradient  through  the  boundary  layer  (up  to  10  percent) 
is  expected  because  the  nozzle  flow  is  not  completely  expanded  (that  is, 
completely  parallel)  at  the  boundary-layer  survey  station.  Unfortunately, 
measured  wall  static  pressures  were  inconclusive. 

Boundary -layer  edge  (free -stream)  conditions  in  Tunnel  B  were 
calculated  assuming  a  perfect  gas  isentropic  expansion  from  the  stilling 
chamber.  Because  of  higher  stagnation  pressures  and  temperatures, 
the  Tunnel  C  boundary -layer  edge  conditions  were  calculated  assuming  a 
real  gas  isentropic  expansion  using  the  Beattie -Bridgeman  equation  of 
state  and  procedures  described  in  Ref.  13. 

It  is  pointed  out  in  Ref.  8  that  the  conventional  method  of  defining  6 
(i.  e. ,  y  where  u/ue  =  0.  99)  is  ill  suited  for  hypersonic  boundary  layers 
because  the  velocity  is  greater  than  0.  99  ue  over  a  sizable  portion  of  the 
boundary  layer.  That  is,  for  0.  99  ue,  the  pitot  pressure  ranges  from 
0.  96  to  0.  95  ppe  for  Me  =  6  to  10,  respectively.  In  addition,  pitot  pres¬ 
sure  profiles  were  subject  to  inviscid  flow  nonuniformities  as  well  as  vis¬ 
cous  effects  and,  therefore,  may  bias  the  determination  of  6.  For  the 
present  work,  the  total  temperature  profiles  were  used  to  define  6  (i.  e. , 
a  loss  in  total  temperature  was  attributed  solely  to  viscous  effects). 

The  boundary-layer  thickness  was  chosen  as  the  y  value  where 
Tp/Tpe  =  0.  995.  In  the  hypersonic  limit  (Ref.  10),  when  the  Mach  num¬ 
ber  becomes  infinite  in  the  outer  portion  of  the  boundary  layer,  the 
total  temperature  can  be  related  to  the  velocity  by  neglecting  the  static 
temperature  term  in  the  energy  equation.  Nondimens ionalizing  by 
boundary-layer  edge  conditions  gives 


The  selection  of  6  at  Tp/Tpe  =  0.  995  then  corresponds  to  a  velocity 
ratio  (from  Eq.  (1))  of  about  0.  998. 
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The  basic  total  temperature  and  pitot  pressure  measurements  are 
presented  (in  plotted  form)  in  Figs.  II- 1  and  II-2,  respectively  (Appen¬ 
dix  II).  The  values  selected  for  5  are  indicated  on  the  total  temperature 
profiles  (Fig.  II- 1)  and  are  also  shown  for  comparison  on  the  pitot 
pressure  profiles  (Fig.  II-2).  Note,  as  discussed  in  Section  2.  2,  that 
for  some  test  conditions  the  total  temperature  probe  did  not  agree  with 
the  stilling  chamber  temperature  (Tpe/T0  Vl)  when  in  the  free  stream. 
In  these  cases,  the  value  of  Tpe  was  adjusted  to  agree  with  TOJ  and  all 
boundary-layer  temperature  measurements  were  similarly  adjusted 
(multiplied)  by  the  experimental  ratio,  T0/Tpe. 

Assuming  a  thermally  perfect  gas  (i.  e. ,  p  =  pRT),  the  boundary- 
layer  velocities  were  calculated  by  the  equation 


u  =  MVyRT 


(2) 


where:  M  was  calculated  as  previously  described 

T  TP 

and  y  =  1.4 


(3) 


Combining  Eq.  (2)  with  the  perfect  gas  equation  of  state  yields  the 
local  mass  flow 


p»  -  (i£)(“vW)  u 

where  p  is  assumed  equal  to  pe  (i.  e. ,  (dp/dy)  =  0). 

The  displacement  thickness  for  a rtwo- dimensional  boundary  layer 
is  defined  by 


5*  = 


(5) 


The  corresponding  equation  for  an  axisymmetric  boundary  layer  can  be 
shown,  by  considering  the  geometery  of  the  sketch  below,  to  be 


ff(r—  8)J 


^  -  (r  -  **)]  -/  ,0 £)“ 

TTr 


(6) 
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where 


dA  =  2n  (r  -  y)  dy 


Substituting  for  dA  and  reducing  Eq.  (6)  gives 

^  -  fh  o) 

Similarly,  the  axisymmetric  equation  for  the  boundary-layer  momentum 
thickness  is 


i-i)  ■{■©(  -  -  f)* 

The  values  of  6*  and  6  for  the  present  tests  were  obtained  after  a  numeri¬ 
cal  integration  of  the  right-hand  sides  of  Eqs.  (7)  and  (8).  A  summary 
of  these  boundary -layer  characteristics,  as  well  as  the  test  conditions, 
is  given  in  Table  II- 1,  Appendix  II. 


SECTION  IV 

RESULTS  AND  DISCUSSION 


Nondimensional  velocity  profiles  for  Mach  numbers  6,  8,  and  10  at 
Reynolds  numbers  representative  of  the  range  covered  are  presented  in 
Fig.  4.  The  profiles  exhibit  the  typical  turbulent  "full"  shape,  and  an 
exponential  profile  with  n  =  9  is  shown  for  comparison  purposes.  The 
velocity  profile  index  (n)  for  each  survey  was  evaluated  from  the  slope 
of  u/ue  versus  y/6  plotted  on  log -log  paper.  These  experimentally 


5 


AEDC-T  R-69.1 18 


determined  values  of  n  are  shown  in  Fig.  5.  A  free -stream  Reynolds 
number,  based  on  the  nozzle  length  to  the  survey  point,  was  chosen  for 
the  abscissa,  and  it  is  observed  that  essentially  no  Mach  number  trend 
exists.  A  definite  trend  of  increasing  n  with  Reynolds  number  is  ob¬ 
served,  and  considering  the  precision  of  n  (about  ±0.  5),  the  correlation 
is  quite  good  for  the  limited  range  of  the  present  study. 

Total  temperature  measurements  selected  from  data  at  each  Mach 
number  (Fig.  6)  are  compared  with  predictions  relating  the  total  tem¬ 
perature  to  the  velocity.  The  departure  of  turbulent  boundary -layer 
total  temperature  profiles  from  the  Crocco  relation  (Pr  =  1)  is  discussed 
in  Refs.  3  and  10.  The  present  data  were  found  to  lie  between  the 
(u/ue)2  curve  and  the  "hypersonic  limit"  which  was  discussed  in  Section 
III.  Of  course,  these  expressions  cannot  be  expected  to  be  valid  near 
the  wall  where  heat -transfer  effects  are  strong  (Ref.  3). 

The  variations  of  the  boundary -layer  thicknesses  (6,  6*,  and  Q) 
with  free-stream  unit  Reynolds  number  are  presented  in  Fig.  7.  Com¬ 
parison  of  the  6*  values  with  the  predictions  of  Sivells  (Ref.  3)  are  gen¬ 
erally  within  10  percent. 

A  summary  of  the  boundary-layer  measurements  in  terms  of  H  is 
shown  in  Fig.  8.  It  is  significant  to  note  that  no  trend  with  either  Mach 
number  or  free-stream  unit  Reynolds  number  was  found.  This  result 
was  predicted  by  Sivells  (Ref.  3);  however,  the  predicted  magnitude  of 
H  is  approximately  30  percent  high. 


SECTION  V 
CONCLUSIONS 


Pitot  pressure  and  total  temperature  distributions  were  measured 
in  the  tunnel  wall  boundary  layers  in  the  VKF  50-in. -diam  hypersonic 
wind  tunnels  at  free-stream  Mach  numbers  6,  8,  and  10  and  free-stream 
unit  Reynolds  numbers  from  0.  32  x  106  to  3.  91  x  106  per  foot.  Within  - 
the  limits  of  these  test  conditions,  the  results  were  as  follows: 

1.  The  boundary  layers  were  fully  turbulent.  The  velocity  profile 
index  (n)  varied  from  6  to  10 -and  was  found  to  be  dependent  on 
free-stream  Reynolds  number,  but  essentially  independent  of 
free-stream  Mach  number. 

2.  The  ratio  of  boundary-layer  displacement  thickness  to  momen¬ 
tum  thickness  (H  or  form  factor)  was  essentially  independent  of 
free-stream  Mach  number  and  free-stream  Reynolds  number. 
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